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Summary
Six glycine residues of human muscle acylphospha-
tase (AcP) are evolutionarily conserved across the
three domains of life. We have generated six variants
of AcP, each having a glycine substituted by an ala-
nine (G15A, G19A, G37A, G45A, G53A, and G69A). Three
additional variants had Gly45 replaced by serine, glu-
tamate, and arginine, respectively. The mutational
variants do not, on average, have a lower conforma-
tional stability than other variants with substitutions
of nonconserved residues. In addition, only the G15A
variant is enzymatically inactive. However, all vari-
ants, with the exception of the G15A mutant, form am-
yloid aggregates more rapidly than the wild-type. Dy-
namic light-scattering experiments carried out under
conditions close to physiological confirm that aggre-
gate formation is generally more pronounced for the
glycine-substituted variants. Apart from the glycine at
position 15, all other conserved glycine residues in
this protein could have been maintained during evo-
lution because of their ability to inhibit aggregation.
Introduction
It has long been recognized that a large fraction of gly-
cine residues are highly conserved among the mem-
bers of individual structural superfamilies (Branden and
Tooze, 1999). The reason for such a high conservation
has mainly been attributed to the unique role that gly-
cine residues play in the structure of folded proteins
(Creighton, 1993; Branden and Tooze, 1999; Guo et al.,
2003). Because of their small size and the minimal ste-
ric hindrance of their side chains, glycine residues can
adopt a wide range of conformations that are rarely
seen with any of the other 19 naturally occurring amino
acids. Consequently, it has been suggested that there
has been positive evolutionary pressure to maintain
glycine residues at specific positions in the sequences*Correspondence: fchiti@scibio.unifi.it
3 Lab address: http://www.fabriziochiti.itof structurally related proteins in order to preserve their
overall architecture (Branden and Tooze, 1999).
However, the increasing evidence that proteins have
a generic tendency to aggregate into amyloid fibrils of
the type associated with pathological conditions such
as Alzheimer’s disease and type II diabetes has raised
the question as to whether protein sequences have
also evolved to avoid uncontrolled aggregation (Dob-
son, 2003). Indeed, it has been suggested that the need
to avoid aggregation into amyloid structures could be
an important driving force in evolution, along with the
need to form unique three-dimensional structures that
have specific functions (Dobson, 1999). Evidence for
this proposal comes, for example, from the finding that
patterns of alternating hydrophilic and hydrophobic
residues have been found to be less frequent than ex-
pected on a purely random basis (Broome and Hecht,
2000). This observation is at first sight surprising, as
this motif is ideal for the formation of β sheet structure
in globular proteins. However, it can be attributed to the
fact that such a pattern is likely to favor self-assembly
of the protein into amyloid fibrils, because of the
extensive β structure that is one of the characteristic
features of the latter (Broome and Hecht, 2000). Simi-
larly, clusters of three or more consecutive hydrophobic
residues are less frequent in natural protein sequences
than expected, probably due to the ability of such clus-
ters to nucleate aggregation (Schwartz et al., 2001). It
has also been suggested that evolutionary pressure
has resulted in the maintenance of a sufficiently high
net charge to reduce the propensity for self-assembly
without destabilizing the native protein to an extent that
precludes folding (Chiti et al., 2002a).
A survey of a large data set of all-β protein structures
has revealed a number of structural adaptations that
inhibit the propagation of uncontrolled β sheet forma-
tion at the edges of regular and naturally occurring β
sheets (Richardson and Richardson, 2002). These adap-
tations include utilization of strategically placed charges,
shortening of edge β strands, generating β bulges, in-
corporating proline residues, and coverage of the
sheets with α helices or loops, among other strategies
(Richardson and Richardson, 2002). Furthermore, it has
been suggested that the high conservation of proline
residues in a fibronectin type III superfamily can be ra-
tionalized on the grounds that proline residues prevent
aggregation by interfering with the formation of β sheet
structure (Steward et al., 2002). Like proline residues,
glycines have a very low propensity to adopt β sheet
structure (Williams et al., 1987; Street and Mayo, 1999).
The much greater conformational freedom of glycine
residues as a result of the absence of a carbon atom at
the β position of the amino acid residue generates a
substantial entropic penalty when a glycine residue
converts from a disordered structure to a β strand. The
high conservation of some glycine residues within indi-
vidual superfamilies could, therefore, be due, at least
in part and at least in some structural superfamilies of
proteins, to the ability of such residues to reduce the
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Ogregates.
fAcylphosphatase is a ubiquitous enzyme that is pres-
dent in all three domains of life (Archaea, Eubacteria, and
sEukarya). Its structure is shown in Figure 1. Similarly to
sother proteins or protein superfamilies, glycine residues
tappear to be highly conserved in acylphosphatases. To
gtest the origin of such a high evolutionary conservation
in this protein, we have substituted each of the glycine
residues that are conserved across the three domains G
Dof life with other residues in a representative member of
this family of proteins, human muscle acylphosphatase T
a(AcP). The results show, for this protein at least, that
substitution of conserved glycine residues generally fa- n
vcilitates the aggregation process, while having minor
effects on stability and enzymatic activity. t
m
cResults
c
tGlycine Residues Are Evolutionarily Conserved
in Acylphosphatases i
tAll protein sequences classified as acylphosphatases
were aligned as explained in the Experimental Pro- d
fcedures. The data set included acylphosphatases from
the Archaea (12 sequences), Eubacteria (68 sequences), r
and Eukarya (19 sequences) domains. Our database did
not include any sequences from the N-terminal do- l
smains of the hydrogenase maturation proteins HypF, a
protein belonging to the acylphosphatase-like family, a
but not generally referred to as acylphosphatase. After
alignment, the sequence positional entropy (SPE) was a
ncalculated for each residue position of the aligned se-
quences (the SPE is an index of the conservation of a 3
Sresidue at a given position; see Experimental Pro-c
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Figure 1. Schematic Representation of the Structure of AcP t
The structure was drawn using the program SwissPDB Viewer, ver- a
sion 3.1. The six most conserved glycine residues are highlighted T
in yellow. i
wedures for details). The SPE values, using the 98-resi-
ue AcP as a reference sequence, are reported in Fig-
re 2. The analysis shows that some residues exhibit
ow values of SPE, that is, a high evolutionary conser-
ation (Table 1). These include all residues that were
reviously shown to be important for catalysis: Gly15,
al17, Gln18, Val20, Arg23, and Asn41 (Taddei et al.,
994, 1996, 1997). Phe94 also exhibits a very small SPE
alue, probably because of its importance in stability
nd folding of AcP (Chiti et al., 1999).
Other residues are highly conserved, but for reasons
hat are not understood in any detail at present (Table
). Among them are five glycine residues (Gly19, Gly37,
ly45, Gly53, and Gly69) in addition to Gly15, which, as
entioned above, is important for enzymatic catalysis.
ven the two remaining glycine residues of AcP that
re not conserved in the three domains of life (Gly34
nd Gly49 with SPE values of 2.06 and 2.30, respec-
ively) appear to be universally conserved at least in
ukarya. In order to explore the origin of the preferential
volutionary conservation of glycine residues in acyl-
hosphatases, nine variants of AcP were designed and
tudied (Table 2). The mutational analysis focused on
he six glycine residues that are maintained across the
hree domains of life (SPE < 1.0). Six variants have an
lanine residue that replaced each of these glycines.
hree additional variants have Gly45 replaced by ser-
ne, glutamic acid, and arginine, respectively, and these
ere produced to assess the effect of the substitution
f one sample glycine with different types of residue.
ne of the nine mutants (G37A AcP) could not be puri-
ied, as a result of its aggregation into inclusion bodies
uring expression in Escherichia coli cells (data not
hown). The eight remaining variants were purified and
tudied to investigate the effect of the substitutions on
he conformational stability, enzymatic activity, and ag-
regation behavior of AcP.
lycine-Substituted Variants Are Only Moderately
estabilized Relative to the Wild-Type Protein
he conformational stabilities of the eight purified vari-
nts were evaluated by means of equilibrium urea de-
aturation measurements (Figures 3A and 3B). All the
ariants show denaturation curves with a single sharp
ransition that can be well described on a two-state
odel (Santoro and Bolen, 1988) to give the urea con-
entration at which the protein is half unfolded (Cm), the
hange of free energy upon unfolding (GF-UH2O), and
he dependence of GF-U on urea (m value). The result-
ng parameters show that all the mutations destabilize
he native state of AcP to some degree (Table 2). The
egree of destabilization (GF-UH2O values) ranges
rom 0 tow14 kJ mol−1, with the G53A substitution rep-
esenting the most destabilizing mutation (Table 2). The
GF-UH2O values observed here, however, are no
arger than those previously observed using single sub-
titutions of alanine for nonconserved residues (Chiti et
l., 1999).
Figure 3C shows the relationship between GF-UH2O
nd SPE for the variants involving replacements of ala-
ine for the conserved glycines (filled squares). Figure
C also shows the relationship between GF-UH2O and
PE for the variants involving replacements of alanine
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1145Figure 2. SPE Values for All 98 Residues of
AcP
The sequence of AcP was aligned with those
of other acylphosphatases and the SPE val-
ues were determined for all positions using
Equation 1 (see Experimental Procedures for
details). The alignment required the intro-
duction of four “gaps” within the sequence
of AcP with consequent determination of
SPE for these “gap positions.” These are ne-
glected in the figure, which only reports SPE
values for positions corresponding to the
amino acid residues of AcP. Numbering of
residues on the x axis was made on the ba-
sis of the AcP sequence. Small values of
SPE indicate high evolutionary conservation.
Residues with SPE < 1.0 are reported in Ta-
ble 1. Red bars indicate the six glycine resi-
dues with SPE < 1.0. The red horizontal line
shows a threshold SPE value of 1.0.phosphates to inorganic phosphate and the corre- idues of the loop and reduce dramatically the catalytic
Table 1. Conserved Residues in Acylphosphatases (SPE < 1.00)
Sequence Positional
Residue Numbera Amino Acid Residuea Positiona Entropy (SPE)b Reason for High Conservation
15 Gly Sheet β1 0.00 Enzymatic activityc
17 Val Loop (β1–α1) 0.08 Enzymatic activityc
18 Gln Loop (β1–α1) 0.08 Enzymatic activityc
19 Gly Loop (β1–α1) 0.08 Unknown
20 Val Loop (β1–α1) 0.41 Enzymatic activityc
22 Phe Helix α1 0.86 Unknown
23 Arg Helix α1 0.16 Enzymatic activityd
30 Ala Helix α1 0.41 Unknown
37 Gly Sheet β2 0.08 Unknown
41 Asn Sheet β2 0.08 Enzymatic activitye
45 Gly Loop (β2–β3) 0.49 Unknown
47 Val Sheet β3 0.16 Unknown
53 Gly Sheet β3 0.61 Unknown
69 Gly Loop (α2–β4) 0.97 Unknown
94 Phe Sheet β5 0.16 Stability and foldingf
a Residue numbering, type, and position refer to the sequence of AcP. The amino acid residue indicated is, however, the most represented in
the entire acylphosphatase data set.
b Calculated as reported in the Experimental Procedures after the alignment of 99 sequences. The SPE values in the AcP sequence range
from 0.00 to 5.43, with an average value of 2.66.
c Taddei et al. (1997).
d Taddei et al. (1994).
e Taddei et al. (1996).
f Chiti et al. (1999).for other residues that generally appear nonconserved
(empty circles) and that were analyzed previously (Chiti
et al., 1999). The diagram shows that the distribution
of GF-UH2O values observed here for the substituted
glycines (mean = 7.6, standard deviation = 3.9) is not
significantly shifted relative to that involving noncon-
served residues (mean = 7.2, standard deviation = 4.1).
The relatively small r value and high p value calculated
from the plot using all data points are further indica-
tions that the two variables are not correlated.
Most of the Glycine-Substituted Variants Retain
Enzymatic Activity
AcP is an enzyme that catalyzes the hydrolysis of acyl-sponding carboxylic acid (Stefani and Ramponi, 1995).
The specific activities of wild-type AcP and the eight
purified mutants examined here, determined using ben-
zoylphosphate as a substrate, are given in Table 2. The
G15A variant has activity below detectable levels, in
agreement with previous data (Taddei et al., 1997). Al-
though Gly15 is not thought to participate in the cata-
lytic cycle of AcP, this residue is located in the catalytic
loop spanning residues 15–21 (Taddei et al., 1997).
Gly15 has been found, in all acylphosphatases whose
structures are known, to adopt values of ψ and f that
are very uncommon for residues other than glycine. Its
replacement by alanine is therefore likely to introduce
structural perturbations that propagate to the other res-
Structure
1146Table 2. Parameters for Equilibrium Unfolding, Enzymatic Activity, and Aggregation of AcP Variants
GF-UH2O Specific Activity Experimental Theoretical
Mutant Cm [M]a [kJ mol−1]a,b [IU mg−1]c kagg [s−1]d ln(kmut/kwt)d,e ln(kmut/kwt)f
Wild-type 4.0 ± 0.1 — 3800 ± 190 7.3 (±0.9) × 10−4 — —
G15A 2.9 ± 0.1 6.2 ± 1.3 <5 7.7 (±1.0) × 10−4 0.05 ± 0.18 0.06
G19A 3.5 ± 0.1 2.8 ± 1.3 3790 ± 190 10.5 (±1.4) × 10−4 0.36 ± 0.18 0.26
G37A n.d.g n.d. n.d. n.d. n.d. 0.23
G45A 2.5 ± 0.1 8.4 ± 1.2 4500 ± 225 30.5 (±4.0) × 10−4 1.43 ± 0.18 0.80
G53A 1.2 ± 0.1 14.1 ± 1.5 4780 ± 240 23.9 (±3.1) × 10−4 1.19 ± 0.18 0.55
G69A 2.8 ± 0.1 6.7 ± 1.3 255 ± 13 14.9 (±2.0) × 10−4 0.71 ± 0.18 0.55
G45S 2.6 ± 0.1 7.8 ± 1.3 3130 ± 160 21.6 (±2.8) × 10−4 1.08 ± 0.18 0.56
G45E 2.7 ± 0.1 7.3 ± 1.3 2200 ± 110 21.8 (±2.8) × 10−4 1.09 ± 0.18 −1.65
G45R 2.6 ± 0.1 3.9 ± 2.1 2590 ± 130 12.1 (±1.6) × 10−4 0.50 ± 0.18 −1.77
a Determined from equilibrium urea denaturation experiments acquired in 50 mM acetate buffer (pH 5.5), 28°C and analyzed according to
Santoro and Bolen (1988).
b Obtained by subtracting the GF-UH2O value of the mutant from that of the wild-type protein. The GF-UH2O values of the G53A and G45R
mutants were calculated using GF-UH2O = m • Cm, where m equals 6.9 ± 0.7 and 7.1 ± 0.7 kJ mol−1 M−1, respectively (the real m value
determined for these mutants). The GF-UH2O values of the remaining variants were calculated using GF-UH2O = <m> • Cm, where <m> equals
5.6 ± 0.5 kJ mol−1 M−1 (the average m value of the wild-type and the variants with the exception of the G53A and G45R variants, which
display a significantly higher m value). The GF-UH2O value for wild-type AcP is 22.4 ± 1.0 kJ mol−1.
c Determined in 0.1 M acetate buffer (pH 5.3), 25°C, using benzoylphosphate as a substrate. IU, International Units.
d Aggregation rate constants (kagg) were determined in 50 mM acetate buffer, 25% (v/v) TFE (pH 5.5), 25°C, by monitoring the fluorescence of
ThT as a function of time and fitting the data points to Equation 2.
ekmut and kwt indicate the aggregation rate constants of the variants and of wild-type AcP, respectively.
f The predicted change of aggregation rate resulting from mutation ln(kmut/kwt) was determined as described previously (Chiti et al., 2003),
using a β sheet propensity value of 0.8 for Gly.
g Not determined.efficiency of the protein (Taddei et al., 1997). In contrast p
tto Gly15, Gly19 adopts ψ and f values that are not lo-
cated in an unfavorable area of the Ramachandran plot t
2for other residues. This may explain why the substitu-
tion of Gly19, which is also located in the catalytic loop p
b15–21, does not alter the enzymatic activity of AcP (Ta-
ble 2), again in agreement with the results of a previous a
wstudy (Taddei et al., 1997).
Substitution of Gly45 and Gly53, two residues that a
eare distant from the active site of AcP, does not change
markedly the specific activity of AcP (Table 2). The en- t
lzymatic activity of the G69A variant, however, is re-
duced to w7% of the wild-type value (Table 2). Gly69 s
ois located in the loop involving residues 68–73 which
has a number of interactions with the catalytic loop 15– t
t21 (Pastore et al., 1992; Thunnissen et al., 1997; Zuc-
cotti et al., 2004; Cheung et al., 2005); perturbation of r
dsuch interactions is, therefore, likely to perturb slightly
the structure of the residues of the catalytic loop and p
their side chains, and so decrease, but not abolish
completely, the enzymatic activity of the protein. i
o
iGlycine-Substituted Variants Have a Higher
Propensity to Aggregate Than Wild-Type AcP t
aThe propensities of the glycine-substituted variants to
aggregate were investigated using thioflavin T (ThT) G
mfluorescence and dynamic light scattering (DLS). Amino
acid replacements that destabilize the native state of a a
sprotein are known to promote the process of aggrega-
tion by populating unfolded or partially folded states i
tthat are more prone to aggregation than the fully native
state (Hurle et al., 1994; McCutchen et al., 1995; Booth i
iet al., 1997; Chiti et al., 2000; Ramirez-Alvarado et al.,
2000; Smith et al., 2003; Uversky, 2003; Uversky and l
cFink, 2004). Aggregation of wild-type AcP and of the
glycine to alanine substituted variants was therefore trobed with ThT fluorescence under conditions where
he native fold of the protein has been shown previously
o be substantially disrupted, that is, in the presence of
5% (v/v) trifluoroethanol (TFE) (Chiti et al., 2002b). This
rocedure permits any changes in aggregation rate to
e attributed entirely to the intrinsic effects of the
mino acid substitutions on the aggregation process,
ithout the complications of additional contributions
rising from the destabilization of the native state (Chiti
t al., 2002b). The effects of mutations on the aggrega-
ion rates of denatured polypeptide chains seem to fol-
ow similar rules when studied in the presence or ab-
ence of TFE (Chiti et al., 2003). The denatured states
f all glycine to alanine variants, with the exception of
he G15A mutant, aggregate significantly more rapidly
han the wild-type protein (Figure 4A; Table 2). These
esults indicate that the replacement of an alanine resi-
ue for an evolutionarily conserved glycine generally
romotes the aggregation process of denatured AcP.
The increased aggregation rates of the mutants could
n principle arise simply from the higher hydrophobicity
f alanine relative to glycine. In order to address this
ssue, we mutated the glycine residue at position 45 to
hree different amino acids to produce the G45S, G45E,
nd G45R mutants as well as the G45A variant. The
45E and G45R mutations are expected to produce a
arked deceleration in aggregation rate on the basis of
lgorithms that consider only hydrophobicity, charge, and
econdary structure propensities as factors contribut-
ng to the aggregation rate (Table 2). The G45R muta-
ion, in particular, is expected to be the most decelerat-
ng substitution among the 19 possible substitutions
nvolving Gly45, as it leads to an increase in hydrophi-
icity at the site of mutation and an increase in the net
harge of the entire protein sequence. In contrast to
hese expectations, the analysis shows that all four Gly45
The Role of Glycines in Aggregation
1147Figure 3. Conformational Stability of AcP Variants
(A and B) Equilibrium urea denaturation curves normalized to the
fraction of folded protein and corresponding to those of wild-type
(C), G15A (■), G19A (×), G45A (), G53A (%), G69A (B), G45E (Q),
G45R (;), and G45S (+) AcP. The solid lines through the data repre-
sent the best fits of the data points to the equation edited by San-
toro and Bolen (1988). The resulting thermodynamic parameters for
all protein variants are listed in Table 2.
(C) Change of conformational stability upon mutation (GF-UH2O)
versus sequence positional entropy for all the mutants of AcP hav-
ing alanine residues substituted for conserved glycines (■) and
other nonconserved residues (B). The r and p values reported in
the figure, referring to the complete data set, indicate that the two
parameters are not correlated. GF-UH2O values for mutations in-
volving residues other than glycine (B) are those published pre-
viously (Chiti et al., 1999).Figure 4. Aggregation Kinetics of AcP Variants
Kinetic profiles were acquired in 25% (v/v) TFE (pH 5.5), 25°C, mea-
sured using ThT fluorescence, for all glycine to alanine AcP variants
(A) and for all the variants involving substitution of the glycine at
position 45 (B). Under these conditions, the AcP variants exist as
ensembles of unfolded or partially unfolded conformations that are
prone to aggregation (Chiti et al., 2002b). The indicated traces are
those of wild-type (black), G15A (red), G19A (green), G45A (blue),
G53A (orange), G69A (purple), G45E (gray), G45R (pink), and G45S
(brown) AcP. The solid lines through the data represent the best fits
of the data points to single exponential functions (Equation 2); the
fits for the G45E and G45S variants overlap in the figure.substitutions, including the G45R mutation, cause the
aggregation process to be accelerated (Figure 4B; Ta-
ble 2). These findings emphasize that glycine residues
can reduce the aggregation of an ensemble of unfolded
or partially unfolded species.
In a second set of experiments, the variants were an-
alyzed under conditions that are close to physiological,
that is, in the absence of denaturant. The urea denatur-
ation experiments performed at equilibrium show that
under such conditions the populations of the native
states of the various mutant proteins are above 95%
(Figure 3A). Consequently, the propensity of AcP to ag-
gregate is very small, as aggregation requires at least
partial unfolding of the native state for this protein (Chiti
et al., 2000; Uversky and Fink, 2004). In order to over-
come this problem, we have taken advantage of the
high sensitivity of DLS spectroscopy. On the basis that
the intensity of scattered light is proportional to the
second power of the mass of the light-scattering par-
ticle, this technique allows big aggregates to be de-
tected even when they are populated at very low levels.
Structure
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mThe protein samples, dissolved at pH 7.4, 25°C with-
out added denaturant, were initially centrifuged and fil- m
ttered to remove almost completely any large aggre-
gates that might be present in the samples. The size s
odistributions acquired immediately after filtration for the
wild-type and mutated AcP variants measured by DLS w
pall show the presence of a peak at 4.1 ± 0.6 nm (Figure
5A). This value is consistent with the size of native AcP p
ras determined using NMR spectroscopy (Pastore et al.,
1992). In all cases, the native state appears to be the n
imost populated species (>99%) given the relationship
between scattering intensity and particle mass men-
otioned above. Interestingly, however, after 48 hr of incu-
bation, the size distributions show a larger proportion a
tof aggregated species for all the glycine-substituted
variants compared to the wild-type protein (Figure 5B). a
sHence, the substitution of a conserved glycine residue
increases the propensity of AcP to aggregate under R
oconditions close to physiological. This effect could also
be due, however, to the destabilization of the native t
wstate caused by the mutations. The mutations increase
the population of the unfolded state and can facilitate l
ithe conformational fluctuations within the native state,t
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Figure 5. Size Distributions of AcP Variants t
Distribution by intensity was obtained using DLS in the absence of i
denaturant, 20 mM Tris/acetic acid buffer (pH 7.4), 25°C. The indi-
cated distributions are those of wild-type (black), G19A (green), t
G45A (blue), G53A (orange), and G69A (purple) AcP.
oThe distributions were obtained immediately after centrifugation
tand filtration (using 0.02 m filters) of the protein samples (A) and
aafter 48 hr of incubation under the chosen conditions (B).
aherefore contributing to the observed increase of ag-
regation propensity. Hence, the kinetic profiles ob-
ained for the denatured ensembles in 25% (v/v) TFE
epresent a more direct indication of the specific role
f the conserved glycine residues as inhibitors of ag-
regation.
iscussion
lycines that Are Not Required for Enzymatic
ctivity and Correct Folding Are Conserved
or the Need to Escape Aggregation
ubstitution of a universally conserved glycine residue
y alanine does not generally abolish the enzymatic ac-
ivity of AcP (Table 2), nor does it disrupt the native fold
f the protein (Figure 3A; Table 2). Four of the five gly-
ine to alanine substituted variants that we could purify
ave significant enzymatic activity (G19A, G45A, G53A,
nd G69A), and their conformational stabilities are de-
reased, relative to the wild-type protein, to an extent
imilar to other variants in which alanine replaces a
onconserved residue (Figure 3C). Substitution of the
lycine at position 45 with residues as different as ala-
ine, serine, glutamic acid, and arginine does not lead
o dramatic reductions in enzymatic activity or confor-
ational stabilities (Figure 3B; Table 2), indicating that
his conserved glycine could in principle be replaced
y a variety of other residues and maintain the structure
nd function of the protein. Because acylphosphatases
re not part of multisubunit complexes, hypotheses
hat glycine residues are necessary for stable and func-
ional protein-protein interactions can also be ruled out
n this specific system.
By contrast, four of the five glycine to alanine substi-
utions examined here increase the intrinsic propensity
f the unfolded or partially unfolded ensemble of AcP
o aggregate (Figure 4A; Table 2). Although purification
nd analysis of the G37A variant was precluded by its
ggregation into inclusion bodies after expression in
. coli cells, this fact by itself is an indication that this
utation also promotes aggregation. All the replace-
ents of Gly45 examined here also cause aggregation
o be accelerated, regardless of the nature of the in-
erted residue (Figure 4B; Table 2). It is intriguing to
bserve that even mutations such as G45R and G45E,
hich are expected on the basis of physicochemical
rinciples to reduce substantially the aggregation pro-
ensity because of the insertion of highly hydrophilic
esidues and, in the case of G45R, an increase of the
et positive charge of the protein, result in a significant
ncrease in aggregation rate.
Interestingly, the G15A mutation is the only substitution,
f those studied here, that inactivates AcP completely
nd has no detectable effects on the aggregation proper-
ies of this protein (Table 2). In all the presently known
cylphosphatase structures, the glycine residue corre-
ponding to Gly15 appears to occupy a region of the
amachandran plot that is highly unfavorable for all
ther residues, that is, this residue adopts a conformer
hat is unlikely to be conserved following substitution
ith another residue. Because Gly15 is part of the cata-
ytic loop 15–21 of AcP, its replacement causes a signif-
cant distortion of the loop and hence inactivation of
The Role of Glycines in Aggregation
1149the enzyme. It can therefore be concluded that Gly15
has been conserved in evolution for its role in maintain-
ing a specific structure of the catalytic site of acylphos-
phatases. However, with the exception of this glycine
residue, the data are consistent with the idea that the
need to restrict the potential for self-assembly has
been an important evolutionary constraint that has
maintained glycine residues at specific positions in
acylphosphatases. For the investigated glycine resi-
dues this constraint appears to be at least as important
as those associated with the need to maintain suffi-
ciently high conformational stability and enzymatic ac-
tivity.
Glycine Residues Reduce Aggregation Because
of Their Low Propensity to Form  Structure
In the presence of 25% TFE, AcP forms an ensemble
of unfolded or partially unfolded conformations (Chiti
et al., 2002b). The substitution of a conserved glycine
residue by alanine increases the rate of aggregation of
AcP under such conditions. The effect of an amino acid
substitution on the aggregation rate of an unstructured
polypeptide chain (ln(kagg/kwt)) can be estimated using
a relatively simple algorithm that is based on the
change of hydrophobicity, charge, and propensity to
form α-helical and β sheet structure following mutation
(Chiti et al., 2003). Application of this predictive method
to the glycine to alanine mutations studied here leads
to ln(kagg/kwt) values that are similar, within error, to
those determined experimentally (Table 2). However,
good agreement is not found between the observed
and theoretical values for the mutations at position 45
(Table 2). The G45E and G45R speed up acceleration
in spite of a predicted deceleration. Glycine residues
therefore appear to inhibit aggregation more effectively
than previously anticipated.
In an earlier study, it was found that conservative mu-
tations can change substantially the aggregation rate
of unstructured AcP only when these are located in two
specific regions of the sequence, 16–31 and 87–98
(Chiti et al., 2002b). However, unlike the mutations
studied previously, a glycine to alanine replacement is
not conservative, therefore producing an effect on ag-
gregation even when the mutation involves a site exter-
nal to this region. Indeed, the G37A, G45A, G53A, and
G69A are clearly outside such regions. These findings
reinforce the view of the important role of glycine resi-
dues, which are distinct from all other residues in their
ability to occupy wider regions of conformational space,
in inhibiting significantly the aggregation propensity of
a polypeptide chain.
It is, however, important to clarify that glycine resi-
dues are not always protective against aggregation.
The S20G mutation of amylin and the E22G mutation of
the amyloid β peptide, for example, facilitate aggrega-
tion (Ma et al., 2001; Nilsberth et al., 2001). The A30G
mutation of AcP also leads to an accelerated aggrega-
tion process of the denatured ensemble (Chiti et al.,
2002b). Glycine residues have a low propensity to form
β strands, but they have a high propensity to form turns
and loops. The substitution of a residue with glycine at
some positions could therefore facilitate aggregation.
It is important to note in addition that the enhancedtendency of AcP to aggregate following substitution of
a conserved glycine residue does not result simply from
the presence of TFE as the denaturing agent, as similar
increased tendency to aggregate is also observed un-
der conditions close to physiological ones (Figure 5).
Interpretation of the data is, however, more difficult un-
der these experimental conditions as all the variants
are predominantly folded, and changes in aggregation
propensity resulting from mutations can also result
from the effect of mutations on conformational stability
of the native state (Hurle et al., 1994; McCutchen et
al., 1995; Booth et al., 1997; Chiti et al., 2000; Ramirez-
Alvarado et al., 2000; Smith et al., 2003; Uversky and
Fink, 2004).
Conclusions
The rate of spontaneous mutation for nonessential
amino acid residues is fast enough in natural evolution
to cause considerable amino acid variability at corre-
sponding positions within related proteins of organisms
as distant as Archaea, Eubacteria, and Eukarya. The
persistence of glycine residues at specific positions in
the sequences of evolutionarily distant acylphospha-
tases therefore strongly indicates that such residues are
essential at these positions for the viability of the proteins
concerned. It is commonly assumed that the high conser-
vation of glycine residues arises from the unique struc-
tural flexibility of these residues that enables them to
play specific roles in the three-dimensional architec-
tures of folded proteins (Creighton, 1993; Branden and
Tooze, 1999; Guo et al., 2003). The study described
here, however, shows that most of the conserved gly-
cine residues of acylphosphatase, at least, can be mu-
tated without major consequences for the stability and
catalysis of this enzyme. The ability of such conserved
glycine residues to decrease the intrinsic aggregation
propensity of the unfolded polypeptide chain, even when
these residues are located at positions external to
those regions that directly promote aggregation, high-
lights that prevention of aggregation may be at least as
important as other factors in promoting such an evolu-
tionary conservation. This observation adds to the ac-
cumulating evidence that the constant need to prevent
rapid aggregation is an important driving force in the
evolution of protein sequences.
Experimental Procedures
Materials
Urea, ThT and TFE were purchased from Sigma-Aldrich (St. Louis,
MO). Benzoylphosphate was synthesized and purified as described
previously (Camici et al., 1976). Mutations were introduced in the
AcP gene as described previously (Chiti et al., 2002a). Transforma-
tion of E. coli cells with the plasmids containing the wild-type and
mutated AcP genes, expression, and purification were performed
as described previously (Taddei et al., 1996). Protein concentration
was determined by UV absorption using an 280 value of 1.49 ml
mg−1 cm−1. All variants of AcP contain the C21S mutation to elimi-
nate complexities associated with a free cysteine residue (van Nu-
land et al., 1998). Throughout the work, we refer to the variant with
only this mutation as wild-type AcP and to the mutants containing
a substituted glycine, in addition to the C21S mutation, as single
mutants.
Structure
1150Sequence Retrieval and Entropy Measurement e
dThe acylphosphatase sequence database was initially produced by
a BLASTp extensive search which led to the accumulation of 122 a
Iprotein sequences. The entire data set is available at http://www.
unifi.it/unifi/scibio/bioinfo/dataset/Dataset_AcP.html. A global mul- m
1tiple alignment was made with ClustalX with a gap opening penalty
of 10, a gap extension penalty of 0.2, and a delay percent of iden-
tical proteins of 30. For the alignment, the GONNET series matrices A
were used. The global aligned data set was imported in the Entropy
Calculator program to allow a proper set up of the entropy calcula- T
tion. Sequences sharing an identity score higher than 90% were F
considered redundant. This consideration led to the elimination of (
23 sequences in the database. Gap-rich regions at the edges of i
the aligned sequences were discarded, ensuring a calculation re- C
gion that covered all residues of AcP (102 columns, gaps included). T
The SPE at each position was calculated with a modified form of v
the standard Shannon’s entropy formula
R
SPE = [∑piln(pi)] / [1− p( − )] (1) R
A
where pi and p(−) are the frequencies of residue i and gaps at the P
considered position, respectively. The [1 − p(−)] term was used to
normalize the entropy values according to gap deviation and al- R
lowed false values with a low sequence entropy (high conservation)
arising from the high percentage of gaps present at some positions B
to be avoided. W
B
Enzymatic Activity h
Enzymatic activity was measured by a continuous spectrophoto- 3
metric method at 283 nm, using benzoylphosphate at a concentra-
B
tion of 5 mM as a substrate dissolved in 0.1 M acetate buffer (pH
S
5.3), 25°C (Ramponi et al., 1966).
G
BEquilibrium Unfolding Experiments
oEquilibrium urea denaturation curves for the AcP variants were ob-
ytained by monitoring the intrinsic fluorescence of 28 equilibrated
Csamples in each case. The samples contained 0.02 mg ml−1 pro-
stein, various urea concentrations (ranging from 0 to 8.5 M), 50 mM
aacetate buffer (pH 5.5), 28°C. A Perkin-Elmer LS55 spectrofluorime-
ter (Wellesley, MA) with excitation wavelength at 280 nm and emis- C
sion at 335 nm was used. Data were analyzed according to Santoro W
and Bolen (1988) to yield the free energy of unfolding in the ab- a
sence of denaturant (GF-UH2O), the dependence of G on denatur- i
ant concentration (the m value), and the urea concentration at half- c
denaturation (Cm). The GF-UH2O values were recalculated for all C
variants using GF-UH2O = <m>· Cm, where <m> is the average m f
value of the wild-type protein and the variants (with the exception p
of the G53A and G45R variants, which displayed m values signifi- p
cantly different from the other variants).
C
DAggregation by ThT Fluorescence
lAggregation of the various AcP variants was measured under con-
Cditions in which AcP exists as an ensemble of unfolded or partially
Dunfolded conformations as described previously (Chiti et al.,
t2002b). All variants were diluted to a final concentration of 0.4 mg
Pml−1 in 25% (v/v) TFE, 50 mM acetate buffer (pH 5.5), 25°C. Aliquots
of 60 l were mixed, at regular time intervals, with 440 l of 25 mM C
phosphate buffer (pH 6.0), containing 25 M ThT. A Perkin-Elmer G
LS55 spectrofluorimeter with excitation and emission wavelengths a
of 440 and 485 nm, respectively, was used to measure the resulting C
fluorescence of ThT. Plots of steady-state fluorescence versus time (
were fitted to a single exponential function of the form p
CThTfluoresc.(t) = Aexp(-kaggt) + q (2)
t
where A is the total change of ThT fluorescence from time 0 to N, D
kagg is the apparent aggregation rate constant, and q is the final T
ThT fluorescence at time N.
D
8Aggregation by DLS
GAcP variants were incubated at a concentration of 0.4 mg ml−1 in
o20 mM Tris/acetic acid buffer (pH 7.4), 25°C. The samples were
Ccentrifuged (18,000 rpm, 5 min) and filtered (0.02 m diameter fil-
ters from Whatman, Maidstone, UK), immediately before use to Hliminate any impurities and preexisting large aggregates. The size
istributions by intensity were recorded immediately after filtering
nd after 48 hr using a Zetasizer Nano S DLS device from Malvern
nstruments (Malvern, Worcestershire, UK). The temperature was
aintained at 25°C by a Peltier thermostatting system. Low-volume
2.5 × 4.5 mm disposable cells were used.
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